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ABSTRACT
The overall-characteristics of hydrodynamic torque converters have been discussed often, although there is little knowledge about the flow field inside the circuit. During former investigations at our institute flow measurements have been made and a CFD-program was developed to calculate the flow through the guide vanes and the pump impeller.
Our present studies now examine the non-steady flow field at the inlet and outlet of the pump and the turbine impeller by means of hot-film anemometry and a computer based measuring system. The measuring techniques have been developed and now measurements are made at different operating points. Later the measurements will be performed with special regard to non-steady changes of operating conditions. The paper describes the test facilities, the measuring equipment and the techniques used to evaluate the measured data. First results of test measurements are presented. INTRODUCTION Hydrodynamic torque converters are used as power transmitting devices in similar way as mechanical gears. They may substitute a mechanical gear or be used in combination with one. The input torque is changed to an output torque, but the torque ratio is not a linear function of the speed ratio. If the input speed is constant the output speed changes with the output load and according to the type of torque converter there is also a change in input torque.
A simple one-stage one-phase hydrodynamic torque converter consists of a toroidal casing with a set of guide vanes and one pump and turbine impeller (Fig. 1) . In general the working fluid is hydraulic oil. Our investigated torque converter, however, is filled with water. The dissipation loss is carried off by a coolant circuit.
The diameter of the pump impeller Dp is 340 mm and the diameter of the turbine impeller DT is 416 mm. There are 16 pump blades, 40 turbine blades and 32 stator blades and the height of the pump blades at the exit is 46 mm. The clearance between the pump outlet and the turbine inlet is about 8 nun. The pump is. driven by a direct current motor with a speed of 750 min -1 . The output torque is applied by an eddy current brake.
T Fig. 1 Hydrodynamic torque converter with pump impeller (P), turbine impeller (T) and stator (S); measuring locations at the pump inlet (1), pump exit (2), turbine exit (3) Generally the torque converter is operating in the range of zero output speed with high output load and maximum output speed with zero output torque. The steady state operating characteristics are described through dimensional or non-dimensional form. For the nondimensional characteristics the torque ratio µ=TTITp, the efficiency Tl=(nTTT)/(npTp) and the non-dimensional pump power X=Tp1(pwp2Dp5) are drawn versus the speed ratio v=nT/np (Fig. 2) . The efficiency is zero at the boundaries of the main operating range and this torque converter shows a maximum efficiency rl^,pt=0.88 at vapt=0.55. There are different design criteria of a torque converter concerning the shape of its characteristics. It may be important to have a high torque TT,.v_0 at v=0, a high efficiency opt , a wide operating range with high efficiency or optimal point vopt is given. All these parameters depend on the flow conditions inside the torque converter.
In the past the steady state characteristics of different types of hydrodynamic torque converters often have been discussed and they can easily be measured. Publications concerning the flow phenomena inside the torque converter, however, are very rarely (Adrian, 1985; Ziebart, 1953) . Some papers which describe algorithms to predict the performance of torque converters also discuss the flow field, but they use only a theoretical one-dimensional mean streamline approach or two-dimensional correlations without experimental investigation of the flow field (Andersson, 1986 (Andersson, , 1987 Herbertz, 1973; Ishihara; Patel, 1981; Whitfield, et al., 1978) . Two theoretical projects are working on computational fluid dynamics to develop programs, which simulate the flow in the torque converter. The main objects of their work are the three-dimensional calculation of the complete flow path and the simulation of the flow interactions between the two impellers. Therefore a finite-volume algorithm is used, which is directly solving the NavierStokes equations (Thiele, 1990) .
The topic of the current experimental studies, which are discussed in this paper, is the investigation of the nonsteady flow field at the inlet and outlet of the two impellers. These measurements are performed at steadystate operating conditions and will be expanded on nonsteady operating conditions.
MEASURING TECHNIQUES
During former studies at our institute Adrian (1985) has examined the flow at several locations in the torque converter using pressure probes and a Laser-Two-Focus anemometer which was triggered of both impellers. One measuring plane between the pump and the turbine impeller was divided into 5 points in axial and 27 points (1.54°) in circumferential direction. Consequently it came to 135 measuring points and it took about 260 hours of measuring time to pick up the flow field in this plane at one operating point and one relative position of the impellers. Although it would be possible to save time by optimization of the L2F system, the measuring time now can be reduced extremly by using a faster measuring technique like hot-film anemometry with a computer based data acquisition system. Fiber-film probes from DANTEC with one or two sensors (X-probes) ( Fig. 3 ) are powered by an anemometer system Intelligent Flow Analyzer IFA100 from TSI. The anemometer contains four channels each of them with four different bridge configurations. There is a signal conditioner for each channel with variable offset and gain to fit the output signals to the data acquisition system. Besides there is a low pass filter for each channel.
Probe Calibration
The probes are calibrated with a modified model 1128 calibrator from TSI, which allows calibration at high velocities in a free jet (Fig. 4) . The device consists of a first chamber with several sieves, a second chamber of reduced diameter, an exchangeable nozzle and the probe mounting device. The original mounting device was too simple and a new one was designed. Now it is possible to fix the probe at the exit of the nozzle and to determine exactly the yaw and pitch angle.
The whole channel is submerged in a tub to get a jet "water in water". In addition to the original set-up a small funnel is placed at a short distance downstream of the nozzle and the probe to avoid recirculation of the water and disturbance of the jet at high velocitiy (Fig. 5) . The pressure difference between the interior of the calibrator and the environment must be measured by means of an electronic pressure transducer to determine the calibration velocity.
The channel is fed with water from the coolant circuit of the torque converter, which is filtered for particles greater than 2 µm. This filtering is necessary during calibration and measuring to prevent damage of the sensors caused by solid particles impact.
With a nozzle diameter of 6 mm the maximum velocity is about 15 m/s, and several nozzles are available with diameters in the range of 3 to 8 mm. When calibrating Xprobes the nozzle diameter should be chosen as large as possible because there are strong interferences between the probe prongs and the jet. The active area of both sensors must be placed in the core of the jet.
The fluid temperature at calibration and measuring time must be the same, otherwise errors due to temperature drift will occur. This problem is reduced because the water for the calibration device comes from the torque converter. As well as calibration and measurements are to be performed consecutively within a short time. Furthermore the water temperature in the torque converter varies only in a small range. For test purposes the machine was running at v=0.55 for 45 min and the change of temperature was only 0.95 °C. The amount of dissipation loss increases at operating points with a lower efficiency but then a secondary coolant circuit can be used to keep the temperature constant.
The frequency response of the anemometer system has to be optimized at calibration. Therefore the anemometer and the probe are operated at maximum flow velocity, a test signal is fed into the bridge circuit and the anemometer output can be watched at an oscilloscope. Some recommendations have been published concerning the shape of the signals which leads to an optimum frequency response (Freymuth, Fingerson, 1977; Fingerson, 1991) .
Calibration Characteristics and Flow Data Evaluation
Normally the single sensor probes 55R11 and 55R13 are operated at varying velocities with a fixed flow direction perpendicular to the sensor. The characteristics are given by the anemometer output voltage versus velocity and the well known calibration functions (King's law, polynomials, splines etc.) are used to interpolate or to approximate the calibration data. Fig. 6 shows the typical characteristics of a single sensor probe 55R 11.
Evaluation of two-dimensional data obtained from measurements with a dual-sensor probe (X-probe 55R62) is more complex and there are different methods to do this.
Many of them are based on the modified cosine law where the so-called effective velocity for a sensor at various flow angles is calculated as cef=c2 (cos2 (p+k2 sin2 (p) (Lomas, 1986) . The effective velocity ceff is that reference velocity perpendicular to the sensor (q =0) which would lead to the same anemometer output like the actual velocity c and flow direction *p. Generally the yaw factor k is regarded as to be independent of the velocity and the flow angle, which is suitable for small deviations from the mean flow direction, e.g. zero angle as defined in Fig. 3 . In the present studies, where the flow direction varies in a wide range and it is necessary to know exactly the available angular range of the probe, a full velocity versus angle calibration seems to be more convenient. Several papers have already discussed this subject.
During calibration the velocity and the direction are varied step by step. A diagram like Fig. 7 can be drawn afterwards with the anemometer output voltages E1 and E2 and for each point of the resulting grid a pair of voltages and the two flow parameters have to be stored.
A measured pair of voltages (Elm, E2m) represents one point in the voltage plane, e.g. the calibration grid, and the result can be interpolated from the velocity and the angle stored for the grid points. Two different algorithms have been programmed and tested and both yield good results. Prior to evaluation of measuring data the first algorithm calculates several derivatives SEl/Sc, bEi/&p, 62E1/8c&p and so on for each point of the grid and stores them with the calibration data (Johnson, Eckelmann, 1984) . The grid point laying next to the measured voltage pair (El m ,E2m) is used as a base point for a two dimensional taylor series, using the stored derivatives. Then the flow data can be determined.
The second algorithm first looks in which "cell" of the calibration grid the point (EJm ,E2m) is located and interpolates the data stored for the nodes of this cell by using a two-dimensional shape function which is known from the finite elements method (RieB, Traulsen, 1988 ).
The program was tested by comparing the calculated data directly with known velocities and angles.
Additionally test data were generated by calculating pairs of voltages (E1m,E2m)d on straight lines across the voltage plane with E7m,j=E2m,0+bE1 m,i and E1 m,1=iAE1. Drawing the velocities and angles calculated for these test data versus the index i yields a good impression of steadyness and the influence of the number of calibration points (Fig.  8) . With this method a large number of test data can be generated within a short time and the program can be tested carefully.
The angular range of the X-probe should be + 45° but it is extremly reduced due to interferences between the wake of the prongs of one sensor with the flow across the other sensor (Fig. 7) . This leads to the non-symmetric distortion of the grid. At the boundaries of the calibration grid the data are ambiguous and cannot be used for evaluation.
DATA ACQUISITION
A micro computer miniFORCE 3P37ZBE running under the real-time operating system PDOS is used for data acquisition and for controlling the test facilities. It is equipped with a fast AID-board (DATEL DVME612E, 12 bit, 250 kHz maximum sampling rate), several interfaces and a digital magnetic tape recorder. The whole test facility is shown in Fig. 9 , except the circuits for computer control of the motor and the brake and secondary measuring equipment like the pressure transducer of the calibrator.
An incremental angle decoder with one impulse each 0.5° and one reference impulse per revolution is connected with the pump shaft and an absolute angle decoder with 1000 steps per revolution is driven by the turbine shaft. Two frequency/voltage converters change the output of both decoders into two analog signals proportional to the speed of the shafts. The input and output torque is measured by means of two torque measuring shafts and a Pt100 resistance thermometer is used to determine the fluid temperature. These sensors are connected to a data logging system Solartron 3510 which is controlled by the computer.
The anemometer system is directly connected to the AID-board, which is triggered by the incremental decoder. Thereby the angular position of the pump impeller is implicitly given for each measuring value. With the absolute decoder connected to a parallel interface the actual angular position of the turbine impeller is determined.
Only if data acquisition always starts at the same position of the pump impeller, the real angle can be calculated. Therefore an electronic gate circuit can switch on and off the trigger signal. As soon as the data acquisition program is ready, it sets a digital output of the AID-board and the gate circuit is enabled. Now this circuit waits for the reference impulse of the decoder and connects the trigger signal to the AID-board not before the impulse has arrived (Fig. 10) . The position of the impeller relative to this impulse has to be determined when mounting the decoder. (5), internal timer (6), analogue signal (7); gate circuit is enabled (a), waits for the first reference impulse (b) and connects the incremental decoder to the A/D board
One trigger impulse sets off a sequential measurement of all analog and digital measuring values relating to this position. The time needed to store these values is much less than the time between two trigger impulses, so the delay due to the sequential acquisition can be neglected.
If the torque converter is operated at a pump speed of 750 min-1 and a turbine speed of 412 min -1 the system is triggered 9000 times per second. During 10 s there occur 125 revolutions of the pump impeller (2000 blade passages) and 68.8 revolutions of the turbine impeller (2746.7 blade passages). With each trigger at least one analoge value, the output of an internal timer and the output of the absolute decoder is recorded. Each of them takes two bytes and so the data rate to store at least comes to 54000 byte/s.
Prior to the beginning of the fast data acquisition all relevant data like time, operating point etc. are picked up and stored.
DATA PROCESSING
The following steps have to be performed to evaluate the measured data:
First the angular data are processed and the angular range is reduced (see below). The timer signal is checked if there were no time faults during sampling the data and the sampling rate is calculated. For test purposes a histogram of the angular positions is calculated. Then the flow data are calculated and an ensemble averaging is performed using the angular information . A frequency spectrum of the raw data or the flow data can be calculated with a FFT. Now these steps are discussed in detail. The hot-film probes are mounted at fixed circumferential positions in the casing and both impellers are rotating with different speeds. In contrast to a machine with only one impeller a graph of the data versus time does not show directly the relationship between flow parameter and impeller position, e.g. a velocity profile (Fig. 11) . So it is necessary to sort the data according to the angular values.
In the same step the angular data range of both impellers is reduced to an angle in the region of the first blade segment. For example the angle Sp of one blade passage of the pump impeller is 22.5° and all angular positions ap of the pump impeller are transformed to this range 0<=ap<Sp ; the angles ap+iOp (i=0,...,nb/,p-1) are regarded as to be identical (Fig. 12) . All data referring to one absolute impeller position can be averaged to eliminate stochastic disturbances. Due to the non-linear sensor characteristics averaging must be performed on the flow data calculated with the algorithms mentioned above and not with the raw voltage data.
This technique is similar to the so-called "ensemble averaging" (Suder, et al., 1987; Binder, et al.,1990) . Nevertheless the frequency N of one absolute impeller position cannot be simply obtained from counting the number of revolutions of the impellers or the number of blade passages. In this special case the frequency N of each position has to be counted separately and for short measuring intervals, e.g. 50 revolutions of the pump impellers, there are quite large variations in frequency (Fig. 13) . The signal to noise ratio V, e.g. the ratio of the determined components of the signal to the nondetermined components, depends on the number of averages N and is calculated as V = "1V (Hesselmann, 1989 ).
An example for the effect of N was given by Capece and Fleeter (1989) , who performed ensemble averaging on data, which were obtained from non-steady flow measurements in an axial compressor.
After sorting and averaging the data the velocity profiles can be drawn. Therefore the pump impeller can be regarded as standing still with the turbine impeller rotating relative to it. At operating points v < 1 this relative rotation is counterclockwise.
The complete circumferential velocity profile can be built up as a periodic combination of a segment of two blade channels of the pump and 5 blade channels of the turbine. The information for the complete segment is already contained in the data for the 1125 absolute positions.
The influence of the blade passages of both impellers on the flow field at different locations can be examined by means of a Fourier transformation (Fig. 14) . Because of the Shannon theorem the anemometer voltages have to be low pass filtered with a cutoff frequency fc<4500 Hz, if the system is triggered by the angular decoder. For measurements without external trigger and sampling rates about 250 kHz the dynamic characteristic of the anemometer itself performs the filtering. 
MEASUREMENTS
In the present investigations hot-film probes 55R13, 55R62 and others are used for one-and two-dimensional measurements (Fig. 3) . Only the magnitude of the velocity can be measured with the first type whereas the second is used to determine velocity and flow direction. In both cases there is a restriction concerning the flow direction. It must be perpendicular to the probe shaft and the angle must not exceed a given limit (see Fig. 7 for X-probe). This may cause difficulties if the probe has not the right orientation.
As a result of former studies some information about the flow at the impellers inlet and outlet are already available (Adrian, 1985) . These results and data calculated with a program based on a mean stream-line approach are used to estimate the mean flow direction and the velocity for calibration and probe mounting.
The pump inlet can be reached through a radial hole in the casing and the core (Fig. 1) . The velocity vector at this location is two-dimensional with no radial component; so the probes mentioned can be used without difficulties. Due to the fixed circumferential position of the probe the partial influence of the wakes (Adrian, 1985) of the guide vanes must be neglected. The maximum velocity is about 7 m/s at vopt and nominal pump speed.
The clearance between pump outlet and turbine inlet can be reached from the front of the casing. Here the velocity is about 13 m/s at vop. and nominal pump speed, which is more than the nominal maximum velocity of the probes. The danger of probe damage is high and it is difficult to measure and to calibrate the probes. The flow is considered as being radial without axial component.
The turbine exit can easily be reached from the rear of the torque converter. Here the velocity is low again but former measurements with 5-hole-probes showed, that the axial component of the flow vector is high and cannot be neglected (Adrian, 1985) . This axial component also varies with the operating point. So the two-dimensional measurements performed here cannot determine the true flow field allthough they may yield a good qualitative impression of the time dependent flow at this location. Exact results can only be obtained from true threedimensional measurements with a triple sensor probe or quasi three-dimensional measurements with a slanted single sensor (45° type).
For test purpose first measurements have been performed at the turbine exit with a probe 55R13. Fig. 15 shows the sorted and ensemble averaged voltage data obtained from a measurement at v=0.55. Each single diagram relates to one relative position of the impellers. The ordinate corresponds to the circumferential direction. Its length is equivalent to two blade channels of the pump impeller and five blade channels of the turbine (see also Fig. 12 ). The disturbance of the flow in two turbine blade channels resulting from a pump blade at the inlet of these channels is clearly recognizable. 
CONCLUSION
The flow field inside a hydrodynamic torque converter is investigated by means of hot-film anemometry with special regard to the unsteady flow at the inlet and outlet of both impellers.
The experimental set-up was built up and software for data acquisition and evaluation was developed. Now first measurements take place at different measuring planes and operating points. After detailed investigation of the flow phenomena the studies will be expanded on measurements at non-steady operating conditions of the torque converter.
The results of these measurements will be made available to two theoretical CFD projects and to a third one which is working on the non-steady external characteristics of torque converters. These projects are part of a major research project on the characteristics and the flow of hydrodynamic torque converters and clutches.
